ABSTRACT This study evaluated the effects of longterm Bacillus subtilis CGMCC 1.921 supplementation on the performance, egg quality, and fecal/cecal microbiota of laying hens. A total of 360 28-week-old Hy-Line Brown laying hens were randomly allocated into 5 treatments with 6 replicates of 12 birds each for 24 weeks. The experimental treatments included a basal diet without additions (Con) and the basal diet supplemented with 1.0 × 10 5 (B1), 1.0 × 10 6 (B2), 1.0 × 10 7 (B3), and 1.0 × 10 8 (B4) cfu/g B. subtilis CGMCC 1.921. The results showed that feed:egg ratio significantly decreased (P < 0.05) in groups B1 (wk 13 to 16, 17 to 20, 21 to 24, and one to 24), B2 (wk 13 to 16, 17 to 20, and 21 to 24), B3 (wk 13 to 16, 17 to 20, 21 to 24, and one to 24), and B4 (wk 13 to 16, 17 to 20, 21 to 24, and one to 24). However, egg production, egg weight, and feed intake were not significantly different (P > 0.05) among treatments. Eggshell strength significantly improved (P < 0.05) in groups B1 (wk 8, 16, 20, and 24), B2 (wk 20 and 24), and B3 (wk 8, 16, 20, and 24). Fecal E. coli counts significantly decreased (P < 0.05) in groups B1 (wk 16), B2 (wk 12, 16, 20, and 24), B3 (wk 12, 20, and 24), and B4 (wk 16, 20, and 24). Lactobacillus in cecal digesta of groups B1, B3, and B4 increased significantly (P < 0.01). Bifidobacterium in cecal digesta of groups B1, B2, B3, and B4 increased significantly (P < 0.05). Bifidobacterium counts increased linearly (P = 0.015) and quadratically (P = 0.004) as B. subtilis CGMCC 1.921 supplementation increased. Compared with Con, E. coli in the cecal digesta of groups B2 and B4 decreased significantly (P < 0.01). C. perfringens in the cecal digesta of groups B3 and B4 decreased significantly (P < 0.05). E. coli:Lactobacillus ratio decreased in group B1 (P < 0.05) and B2, B3, and B4 (P < 0.01). Therefore, the probiotic B. subtilis CGMCC 1.921 effectively improved performance and egg quality via the reduction of fecal E. coli and beneficial modulation of cecal microbiota.
INTRODUCTION
Vast varieties of microorganisms colonize human and animal intestines and form a complex ecological community required for their host's health and development (Hooper et al., 2002; Gerritsen et al., 2011) . Recent studies have shown that the intestinal microbiota ferment insoluble fibers to physiologically active byproducts (Trompette et al., 2014) , protect against colonization by pathogens (Kamada et al., 2013a) , and regulate metabolism (Tremaroli and Bäckhed, 2012) . Additionally, alteration in intestinal microbiota may be associated with obesity (Cani et al., 2008) , celiac disease (Verdu et al., 2015) , and inflammatory disease (Kamada et al., 2013b) . Therefore, healthy gut microbiota contribute to maintaining normal host physiological functions. Functional supplements, such as probiotics, regulate gut microbiota (Hemarajata and Versalovic, 2012) and improve performance (Peng et al., 2016) . Probiotics may provide beneficial effects by suppressing pathogens via the production of antibacterial compounds and/or competition for nutrients or adhesion sites, altering microbial metabolism, or stimulating immunity (Fuller, 1989) . In China, some Bacillus spp strains have been approved as animal diet supplements. Bacillus spp are promising feed supplements because their metabolically dormant spores are stable, resistant to heat, and have low pH extremes and toxic chemicals (Setlow, 1994) . Available research shows that Bacillus spp have beneficial effects on growth performance and maintain intestinal microbiota balance in broilers (Jeong and Kim, 2014) , pigs (Alexopoulos et al., 2004) , and aquaculture (Wu et al., 2011; Liu et al., 2012) . Hatab et al. (2016) and Lei et al. (2013) demonstrated that including Bacillus spp in diets of laying hens significantly improved production performance and egg quality. Additionally, Abdelqader et al. (2013) demonstrated that B. subtilis had a beneficial effect on gut morphology and could modify the composition of intestinal microflora in laying hens. However, previous studies on laying hens lasted for only several wk and/or did not continuously observe performance, egg quality, and the numbers of fecal microbiota simultaneously (Xu et al., 2006; Forte et al., 2015) . Therefore, the present study investigated the effects of long-term B. subtilis CGMCC 1.921 supplementation on production performance, egg quality, and fecal and cecal microbiota of laying hens. This study also attempts to further observe the possible relationship among production performance, egg quality, and microbiota.
MATERIALS AND METHODS

Animals, Management, and Diets
All procedures were approved by the Beijing Administration Office of Laboratory Animals. A total of 360 28-week-old healthy Hy-Line Brown laying hens (BW 1.63 kg to 1.71 kg) were randomly allocated into 5 treatments with 6 replicates of 12 birds in each replicate for 24 weeks. Each replicate consisted of 2 adjacent cages (80 × 60 × 50 cm; length × width × height) with 6 hens per cage. A 16 h photoperiod was maintained throughout the experimental period. Water and feed were provided ad libitum. Temperature was maintained at 22 ± 3
• C. All hens were kept healthy during the entire experimental period. All hens were fed a basal diet for 3 wk before the formal experiment. The corn-soybean meal basal diet for the hens was formulated to meet the National Research Council requirements (NRC, 1994) . Experimental treatments included the basal diet without additions (Con) as well as the basal diet supplemented with 1.0 × 10 5 (B1), 1.0 × 10 6 (B2), 1.0 × 10 7 (B3), and 1.0 × 10 8 (B4) cfu/g B. subtilis CGMCC 1.921. The B. subtilis CGMCC 1.921 supplement was previously determined to contain 1.0 × 10 10 colony-forming unit (cfu)/g powder. B. subtilis CGMCC 1.921 was purchased from China General Microbiological Culture Collection Center and was produced by Huayu Medicine Co. Ltd. (Cangzhou, Hebei Province, China). The composition of the basal diet is shown in Table 1 .
Production Performance
Egg numbers and egg weight per pen were recorded daily. The weight of feed consumption per pen was recorded weekly. Feed:egg ratio was calculated as grams of total feed consumption per pen/grams of total egg mass per pen.
Sample Collection and Measurement
On the last d of wk zero, one, 2, 3, 4, 8, 12, 16, 20 , and 24, all eggs from each replicate were collected for egg quality assessment within 24 hours. Eggshell strength 
Enumeration of Fecal and Cecal Microbiota
On the last d of wk zero, one, 2, 3, 4, 8, 12, 16, 20 , and 24, one cage per replicate was chosen randomly for fecal sample collection. At the end of experiment, one hen per replicate was randomly selected and slaughtered by cervical dislocation followed by exsanguination for cecal digesta collection. Ceca were ligated with light twine, removed, and then placed in sterile centrifuge tubes on ice. Cecal digesta of each replicate was collected under sterile laboratory conditions. Bacterial counts from all samples were determined immediately by the plate counting method. Traditional microbiological analyses were performed with selective agar media (Beijing Land Bridge Technology Co., Ltd., China) to analyze fecal E. coli counts and cecal E. coli, Lactobacillus, Bifidobacterium, Campylobacter, Enterococcus, and C. perfringens counts. To obtain E. coli and Enterococcus counts, samples were plated on Eosin-Methylene Blue agar and Pfizer Enterococcus Selective agar and incubated under aerobic conditions at 37
• C for 24 hours. To obtain Lactobacillus and Bifidobacterium counts, samples were plated on Man-Rogosa-Sharpe agar and TPY agar and incubated under anaerobic conditions at 37
• C for 48 hours. To obtain C. perfringens counts, samples were plated on Tryptose Sulfite Cycloserine agar and incubated under anaerobic conditions at 37
• C for 24 hours. To obtain Campylobacter counts, samples were plated on Camp-BAP agar base and incubated under microaerobic conditions at 42
• C for 48 hours.
Statistical Analyses
Data were analyzed by SPSS Statistics 17.0 software for Windows (SPSS Inc., Chicago, IL). Analysis of variance was conducted by one-way ANOVA. Statistically significant effects were further analyzed and means were compared by Duncan's multiple range test. The results were expressed as mean ± SEM. The level of statistical significance was P < 0.05.
RESULTS
Production Performance
The effect of supplementation with B. subtilis CGMCC 1.921 on the performance of laying hens is presented in Tables 2-5 . Compared with Con, egg production significantly increased (P < 0.05) in groups B1 (wk 5 to 8), B2 (wk 9 to 12), B3 (wk 5 to 8 and 9 to 12), and B4 (wk 5 to 8 and 9 to 12). Egg production was unaffected (P > 0.05) by treatment over the entire supplemental period (wk one to 24). The highest egg productions observed in Con (wk one to 4) and in groups B1 (wk 5 to 8), B2 (wk 13 to 16), B3 (wk 5 to 8), and B4 (wk 5 to 8) were 91.0, 94.0, 93.7, 94.2, and 94.9% respectively. The lowest egg productions observed in Con and groups B1, B2, B3, and B4 were 86.7, 91.7, 90.0, 89.6, and 90.5% respectively, and the lowest egg production occurred almost during wk 21 to 24. Therefore, over the entire experimental period, egg production in groups B1, B2, B3, and B4 first increased and then decreased. Egg production in Con almost decreased over time. Dietary supplementation with B. subtilis CGMCC 1.921 did not result in differences among treatments for feed intake and egg weight (P > 0.05). The highest feed intake in each group occurred during wk 13 to 16 and then decreased slightly. Egg weight in each group first increased and then remained almost constant after peaking (wk 17 to 20). Supplementation with different levels of B. subtilis CGMCC 1.921 decreased feed:egg ratio compared with Con (P < 0.05) during wk 13 to 16, 17 to 20, and 21 to 24. During the entire experimental period (wk one to 24), the feed:egg ratio in groups B1, B3, and B4 significantly decreased compared with Con (P < 0.05). However, no significant differences were observed between group B2 and Con (P > 0.05).
Egg Quality
The effect of dietary supplementation with B. subtilis CGMCC 1.921 on eggshell strength is shown in Table 6 . Treatment had no effect on eggshell strength during the first 4 wk (P > 0.05). At wk 8, groups B1 and B3 had higher eggshell strength than other groups (P < 0.01). At wk 16, groups B1 (P < 0.01) and B3 (P < 0.05) had better eggshell strength than Con. At wk 20 and 24, groups B1 (P < 0.01), B2 (P < 0.05), and B3 (P < 0.05) significantly increased eggshell strength compared with Con. Eggshell strength of each group had an improvement over the entire experimental period. Data presented in Table 7 indicate that treatment did not affect albumen height at wk zero, one, 2, 3, 8, 12, 16, and 24) (P > 0.05). At wk 4, groups B3 and B4 had lower albumen height than other groups (P < 0.01). At wk 20, albumen height in group B1 significantly increased compared with groups B2 and B4 (P < 0.05).
Results of egg yolk color are presented in Table 8 . Before the trial, egg yolk color was lowest in group B4 (P < 0.01). At wk 20, there was no significant difference between the experimental groups and Con (P > 0.05). Groups B1 (wk 2 and 24), B2 (wk one, 2, 8, and 24), B3 (wk one, 2, 4, and 12), and B4 (wk one, 12, and 24) significantly increased egg yolk color compared with Con (P < 0.05). Egg yolk color in groups B1 (wk 3 and 16), B2 (wk 4), B3 (wk 16), and B4 (wk zero) were lower than Con (P < 0.05).
The results of Haugh unit analysis are shown in Table 9 . No significant difference was found in Haugh units among all 5 treatments at wk zero, one, 2, 3, 8, 16, 20, and 24 (P > 0.05). At wk 4, groups B3 and B4 had lower Haugh units than other groups (P < 0.01). At wk 12, Haugh units in group B2 were clearly lower than in group B1 (P < 0.01). Table 10 shows the effect of dietary supplementation with B. subtilis CGMCC 1.921 on fecal E. coli counts of laying hens. Dietary supplementation with B. subtilis CGMCC 1.921 did not affect fecal E. coli counts at wk zero, one, 2, 3, 4, and 8 (P > 0.05). However, at wk 12, E. coli counts significantly decreased in groups B2 and B3 compared with Con and group B4 (P < 0.05). And E. coli counts in group B3 significantly decreased compared with group B4 (P < 0.01). At wk 16, E. coli counts significantly decreased in groups B1 (P < 0.01), B2 (P < 0.01), and B4 (P < 0.05) compared with Con. At wk 20, E. Coli counts significantly decreased in groups B2 (P < 0.01), B3 (P < 0.05), and B4 (P < 0.01). At wk 24, groups B2, B3, and B4 had lower E. coli counts than Con (P < 0.05).
Fecal Microbiota
Cecal Microbiota
The effect of dietary B. subtilis CGMCC 1.921 supplementation on cecal microbiota of laying hens is a-c Means in the same row with different superscripts differ significantly (P < 0.05). A,B Means in the same row with different superscripts differ significantly (P < 0.01). 1 All measurements were done as fresh basis; results are expressed as log 10 (cfu/g); each mean represents 6 replications of 6 hens. 2 Con = hens fed an unsupplemented basal diet. Group B1 = hens fed a basal diet containing 1 × 10 5 cfu/g B. subtilis. Group B2 = hens fed a basal diet containing 1 × 10 6 cfu/g B. subtilis. Group B3 = hens fed a basal diet containing 1 × 10 7 cfu/g B. subtilis. Group B4 = hens fed a basal diet containing 1 × 10 8 cfu/g B. subtilis.
shown in Table 11 . Lactobacillus counts were significantly higher in groups B1, B3, and B4 (P < 0.01). However, Lactobacillus counts in group B2 were unaffected by the experimental diets (P > 0.05). Bifidobacterium counts were significantly higher in groups B1 (P < 0.05), B2 (P < 0.05), B3 (P < 0.01), and B4 (P < 0.01) than in Con. Linear (P = 0.015) and quadratic (P = 0.004) increases were found in cecal Bifidobacterium counts as B. subtilis CGMCC 1.921 supplementation increased. E. coli counts in groups B2 and B4 decreased compared with those in Con (P < 0.01). C. perfringens counts in groups B3 and B4 were lower than those in Con (P < 0.05). However, no significant effect was found on Campylobacter and Enterococcus counts among all 5 treatments (P > 0.05). E. coli:Lactobacillus ratio in groups B1 (P < 0.05), B2 (P < 0.01), B3 (P < 0.01), and B4 (P < 0.01) decreased significantly.
DISCUSSION
We found no significant difference in egg production over the entire experimental period. However, egg production increased (3.24, 3.35, 3.35 , and 4.02%) compared with the control group. Increased egg production most likely improved feed:egg ratio after dietary supplementation with B. subtilis CGMCC 1.921. Interestingly, feed:egg ratio in group B2 did not significantly decrease compared with the control group. During the entire experimental period, egg production in group B1 was lower than in group B2, and feed intake in group B1 was higher than in group B2; however, feed:egg ratio in group B2 was higher than in group B1. Feed:egg ratio was higher in group B2 because egg weight in group B2 was lower than in group B1. Egg weight data showed that egg weights in group B2 were lower than in other groups, although no significant difference was found among the 5 treatments. Similar to our study, hens fed with 0.01 and 0.06% B. licheniformis had higher egg production than hens fed with the control diet; hens fed with diets containing 0.02, 0.03, and 0.09% B. licheniformis had intermediate egg production (Lei et al., 2013) . Abdelqader et al. (2013) reported that hens fed with diets supplemented with B. subtilis PB6 (2.3×10 8 cfu/g feed) had higher egg production and feed conversion. Xu et al. (2006) reported that egg production, feed consumption, and feed conversion of layers improved when their diets were supplemented with 500 mg of B. subtilis culture/kg. Additionally, dietary supplementation with B. subtilis, Lactobacillus plantarum, or multiple strain probiotics improved growth performance of broilers (Li et al., 2016; Peng et al., 2016) , pigs (Choi et al., 2016) , calves , shrimp (Zokaeifar et al., 2012) , and turtles (Rawski et al., 2016) . Deng et al. (2012) research indicated that B. licheniformis (10 7 cfu/g feed) may ameliorate the adverse influence of heat stress on egg production. The beneficial effects of probiotics were probably due to their ability to improve digestive enzyme activity (Zokaeifar et al., 2012) or/and nutrient utilization (Mountzouris et al., 2010; Sen et al., 2012) . However, Mahdavi et al. (2005) found that dietary supplementation with probiotics (B. subtilis (CH201) and B. licheniformis (CH200)) (1.28 × 10 6 , 3.2 × 10 6 , and 4.6 × 10 6 cfu/g) did not significantly influence the growth performance of white leghorn hens. Forte et al. (2015) studied the effects of supplementation with 0.1% Lactobacillus acidophilus and 0.05% B. subtilis on the performance of 16-week-old Hy-Line laying hens and found no differences among treatments. The difference in performance among various studies may be attributed to the difference in strains, trial period, or environment. Timmerman et al. (2006) reported that with higher productivity rates of the broilers the effect of probiotics could become smaller based on their 13 studies. Our results showed no significant differences in feed:egg ratio at wk one to 4, 5 to 8, and 9 to 12. However, at weeks 13 to 16, 17 to 20, and 21 to 24, feed:egg ratio in groups B1, B2, B3, and B4 significantly decreased. This decrease could be related to the probiotic strain's influence on intestinal microflora by competitive exclusion and antagonism, because at wk 12, 16, 20, and 24, dietary supplementation with B. subtilis CGMCC 1.921 reduced fecal E. coli counts.
Dietary inclusion of B. subtilis CGMCC 1.921 improved eggshell strength, but response was not dose dependent. Eggshell strength significantly increased from wk 8 onward. Increased eggshell strength may be associated with the ability of probiotics to decrease pH (Abdelqader et al., 2013) . Lower pH promotes absorption and utilization of calcium and phosphorus. A previous study showed that the apparent digestibility coefficient of phosphorus in diets increased as Bacillus spp levels increased (Lin et al., 2004) . There was also evidence that supplementing broiler diets with probiotics increased the ileal digestibility of calcium and phosphate (Li et al., 2008) . Furthermore, a growing trend in calcium retention was observed in hens fed with diets supplemented with Pediococcus acidilactici (P = 0.064) (Mikulski et al., 2012) . Our results revealed no significant differences in albumen heights and Haugh units among the dietary treatments. Additionally, the effect of probiotic supplementation on egg yolk color was unclear, which agreed with Lei et al. (2013) . Lei et al. (2013) , reported that B. licheniformis supplementation increased eggshell strength, whereas its effects on egg yolk color were unclear. Panda et al. (2008) demonstrated that the Haugh unit was not influenced by feeding with 100 mg probiotic/kg diet, whereas eggshell strength increased significantly. Zhang et al. (2012) reported that no significant variance was found in yolk color, except in the Haugh unit, compared with the control group. Yörük et al. (2004) and Zeweil et al. (2006) reported that dietary supplementation with probiotics did not significantly influence egg quality. However, Ma et al. (2012) demonstrated that egg quality greatly improved when laying hens were fed with probiotic-supplemented diets.
E. coli is a major intestinal pathogen. A few E. coli strains induce serious illness, including avian colibacillosis. In this study, we discovered that there was a tendency of decreasing fecal E. coli counts (P = 0.065; P = 0.060) during the first 2 wk of the trial. Dietary supplementation with B. subtilis CGMCC 1.921 reduced E. coli counts from wk 12 onward. This result is similar to the result of Hu et al. (2014) , who reported that dietary supplementation with B. subtilis KN-42 reduced relative E. coli numbers in weaned piglets. Thanh et al. (2009) found that supplementing diets with metabolite combinations produced by L. plantarum reduced fecal Enterobacteriaceae counts. Brigidi et al. (2001) studied the effects of probiotic administration on the composition of human fecal microbiota in patients with irritable bowel syndrome or functional diarrhea. However, their results showed that coliform did not change significantly. Other studies reported that decreased harmful bacteria concentration is well described as a growth-promoting factor, because it reduced nutrient competition between the host and microorganisms (Hooper et al., 2002; Kamada et al., 2013a) . Therefore, in this study, improved production performance may be associated with the suppression of potential pathogens, such as E. coli.
The potential of a particular probiotic to modify the composition of cecal microflora has been previously reported (Mountzouris et al., 2010; Salazar et al., 2011; Sen et al., 2012; Yang et al., 2016 (Lei et al., 2015; Wang et al., 2016) . Decreased cecal E. coli may be related to increased Lactobacillus and Bifidobacterium counts. Przyblski and Witter (1979) reported that acidic environments had a lethal effect on E. coli K-12. Gilliland (1989) reported that lactic acid and acetic acid are effective against Gram-negative bacteria. The main end products of Lactobacillus and Bifidobacterium metabolism are lactic acid and acetic acids. Jin et al. (1996) demonstrated that 12 Lactobacillus strains isolated from chicken intestines inhibited E. coli growth. Furthermore, in this study, E. coli:Lactobacillus ratio in cecal digesta from hens fed with diets supplemented with B. subtilis CGMCC 1.921 was obviously less than in the control group. These results imply that the competitiveness of beneficial bacteria was enhanced. These results also imply that the composition of cecal microbiota or intestinal environmental conditions varies among laying hens fed diets supplemented with B. subtilis CGMCC 1.921. We suspect that the relative abundance of beneficial bacteria increased, whereas that of potential pathogens decreased. No significant differences were found in cecal Campylobacter and Enterococcus counts among the 5 treatments. Hosoi et al. (1999) delivered intact spores of B. subtilis (natto) to mice by intubation. They found that B. subtilis administration did not affect fecal Enterococcus spp counts. However, administering B. subtilis significantly decreased the detection rate of Campylobacter compared with the control group (Maruta et al., 1996) . In the present study, C. perfringens counts in groups B3 and B4 were lower than in the control group. Similarly, Jayaraman et al. (2013) proved that supplementation with B. subtilis PB6 controlled C. perfringens-induced necrotic enteritis. Teo and Tan (2005) demonstrated that a strain of B. subtilis isolated from the gastrointestinal tracts of healthy chickens possessed an anticlostridial factor that inhibited C. perfringens ATCC 13124. Kabir (2009) thought that decreased beneficial microflora, especially Lactobacilli, and overgrowth of non-beneficial microflora may predispose hosts to disease and decrease production parameters of growth and feed efficiency. Therefore, in this study, increased beneficial bacteria population and lower numbers of potentially pathogenic bacteria (lower E. coli:Lactobacillus ratio) are probably the primary factors improving production performance. Specifically, improved production performance may be associated with enhanced populations of beneficial bacteria, such as Lactobacillus and Bifidobacterium, and suppressed potential pathogens, such as E. coli and C. perfringens.
This study demonstrated that long-term supplementation with B. subtilis CGMCC 1.921 improved feed efficiency and eggshell strength and decreased fecal E. coli counts. Long-term supplementation with B. subtilis CGMCC 1.921 also modulated cecal microbiota by enhancing the proliferation of beneficial bacteria, such as Lactobacillus and Bifidobacterium, and by inhibiting potential pathogens, including E. coli and C. perfringens. In conclusion, the probiotic B. subtilis CGMCC 1.921 effectively improves performance and egg quality by reducing fecal E. coli counts and beneficial modulation to cecal microbiota.
